Introduction
Polyether ether ketone (PEEK) is a semi-crystalline thermoplastic material that has been used in situations where robustness and chemical resistance at high temperatures is required. In addition to its excellent mechanical properties, PEEK is chemically inert and resistant to sterilization. [1] [2] [3] [4] [5] [6] [7] [8] These features may be of great advantage for a biomaterial. PEEK has been used in orthopedic applications for decades and in the late 1990s, became widely used as a substitute for metal implants in spinal surgery. Due to PEEK's translucency to X-rays, radiographic evaluation is more accessible and precise, which simplifies the postoperative evaluation and decisions for further treatment. 7, 9 By reinforcing PEEK with carbon fibers, the elastic modulus can be approximated to that of the cortical bone, which has been suggested to decrease stress shielding after spinal surgery compared to metal implants. 4, [10] [11] [12] [13] [14] The untreated surface of PEEK is bioinert and hydrophobic and it does not osseointegrate. 5 To convert the PEEK surface to be hydrophilic and osteoconductive, different techniques have been evaluated. It has been reported that by applying hydroxyapatite (HA) to PEEK, either mixed with the polymer or applied onto its surface, PEEK becomes more hydrophilic and possesses bioactivity. 15, 16 HA has been found to be an excellent coating material for enhanced osseointegration and previous studies have shown a significantly increased rate of bone formation compared to untreated surfaces. [17] [18] [19] [20] The modification converts the PEEK from bioinert to bioactive, since the synthesized HA bound to the implant surface blends into the natural HA in the bone. 21 A commonly applied surface-coating method is the plasma spray technique. Plasma-sprayed HA implants have been found to significantly enhance and accelerate the early stages of bone formation. 22 Furthermore, the effect of plasma-sprayed coating has been notable in situations where a gap exists between the implant and the bone, in which plasma-sprayed coats compensated for this gap and promoted further bone regeneration. 23 However, clinical long-term complications with the use of plasma-sprayed HA have been documented. 24 Rokkum et al found that the use of some thick-layered apatitecoated implants resulted in severe inflammation and bone resorption due to detachment of the coating material. 25 It was identified histologically that multinucleated giant cells were localized in the proximity of the implant, and many of the cells resided around the detached HA particles. Registad et al have shown that plasma HA coating presents a gradual decrease in biomechanical fixation, which was observed for up to 52 weeks in a rabbit tibia. Furthermore, this histologic observation presented HA flake detachment and multinucleated giant cell infiltration in the proximity of the implant. 26 To utilize the excellent bioactive properties of HA and to suppress the negative responses of thick HA layers, such as the detachment of the particles and osteoclastic reactions, a thinner and rigid HA coating may be desirable. With a thin HA coating, it is possible to retain the micro roughness of the implant substrate. We have previously shown in several studies that a thin layer of nanostructured HA obtained by a wet chemical-based technique may significantly enhance osseointegration. 27, 28 With a thickness of 10-20 nm and HA crystals with similar size and shape as those found in human bone, it was suggested that the novel coating facilitates implant integration. 27, 29, 30 Furthermore, since the nanosized HA coating is a monolayer, the risk of detachment is hypothesized to be lower than that of the thicker HA coatings. A recently published study, using an identical HA coating as in the present study, revealed a higher mean bone-to-implant contact for HA, indicating a higher level of osseointegration. 31 Conversely, due to an unfavorable implant design, a large number of implants were lost due to a lack of primary stability. The design of the implant in the present study has taken into account the result of the previous study in order to achieve better primary stability. Therefore, the implant was provided with non-cutting threads to increase its primary stability. Instead of a pin-shaped implant with the flat top outside the cortical bone, the implant was redesigned to be fully submerged into the bone.
Due to the improved bioactivity and stable HA nanocoating around the PEEK material, it was hypothesized that the interfacial bonding strength would be significantly higher for the nano HA-coated implant surface compared to the non-coated PEEK material. Thus, the aim of the present study was to investigate the effect of a nano HA coating on PEEK implants placed in rabbit tibias after 3 and 12 weeks in vivo.
Materials and methods

Implant preparation
Forty-eight threaded, non-cutting PEEK implants of 4 mm length and 3.5 mm diameter were manufactured for the study (Invibio Ltd., Thornton-Cleveleys, UK; Figure 1 ). Half of the implants (n=24) were coated with HA nano Surface (test; Promimic AB, Göteborg, Sweden) and the remaining (n=24) implants were left uncoated (control). For the implants to be coated, 50 µL of coating solution was applied onto the top of each implant, and the implant was allowed to rotate at 2,700 rpm for 5 seconds. The coating solution contains nanosized HA crystals that have been suspended with surfactants and solvent. The crystals are 20-50 nm long and 2-10 nm wide. After the coating step, the PEEK implant was put into an oven with an oxygen-enriched atmosphere at 325°C for 5 minutes. This heat treatment was done in order to remove 
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Biomechanical evaluation of PeeK the stabilizing surfactants and to attach the HA crystals onto the PEEK substrate.
surface characterization Interferometry
The surface topography at the micrometer level was characterized with an interferometer (MicroXAM; ADE Phase Shift, Tucson, AZ, USA). The selected measurement area was 200×260 µm (×50 objective, zoom factor 0.625). A Gaussian filter of 50×50 µm was applied for removal of errors of form and waviness. Three samples from each group were measured (n=6) each on three tops, flanks, and valleys of the threads (nine measurements per implant) according to guidelines by Wennerberg and Albrektsson. 32 The following topographical parameters were selected for surface characterization: S a (µm) = average deviation in height in relation to a prenominal plane; S ds (µm -2 ) = density of summits, a spatial parameter; and S dr (%) = the developed surface ratio to a flat surface.
atomic force microscopy (aFM)
The surface topography at the nanometer level was characterized with an AFM (XE-100; Park Systems, Suwon, South Korea). Measurements were performed on discs since the microscope provides better resolution when used on a flat surface compared to a cylindrical one. Three discs of each PEEK group were analyzed on three random positions (n=6). Measurements were performed in a non-contact mode at room temperature with two scan areas, 1×1 µm and 10×10 µm. After leveling by subtraction, a Gaussian filter was applied (0.25 µm and 1 µm, respectively). Graphic 3D images were processed with the imaging software MountainsMap (Digital Surf, Besançon, France).
scanning electron microscopy (seM)
Illustrative images of the surface were obtained with an SEM (LEO Ultra 55 FEG; Zeiss, Oberkochen, Germany). The implants were sputtered with gold prior to analysis to make the surface conductive. Micrographs were obtained at two magnifications (10 K and 80 K) at diverse selected areas.
chemical characterization X-ray photon spectroscopy (XPs)
Chemical assessment of the surface was performed with an XPS (PHI 5000C ESCA System; PerkinElmer Inc., Waltham, MA, USA). Spectra were obtained at an operating angle of 45°, at 200 W with an Al K-alpha excitation source. Two locations on each sample were analyzed; at the top and bottom of the implant screw. The mean values were calculated.
Mechanical characterization
Since heat treatment was involved in the coating of the implants, it was of interest to evaluate how the heat treatment affected the mechanical strength of the PEEK material. Mechanical testing was performed in accordance with the tensile testing standard, International Organization for Standardization (ISO) 527-2. Samples for the testing were provided by Invibio Ltd. The specimens were of type 1A in the ISO 527 standard, with a total length of 200 mm, a thickness of 4 mm, and a midsection width of 10 mm. The samples were heat-treated at 300°C and 350°C for 10 minutes, ie, a time twice as long as used when applying the HA coating. Five samples were tested at each temperature. The measurements were performed by Swerea IVF AB (Mölndal, Sweden). An MTS 20/M (MTS Systems Corporation, Eden Prairie, MN, USA) was used for each measurement.
contact angle measurements
The contact angles of the test and control surfaces were measured with a DAT 1100 from FIBRO System (Hägersten, Sweden). Water (Type 1, 18.2 MΩ) was used as a test liquid and the drop volume was 4 µL. The measurements were done on PEEK discs since contact angle measurements on threaded surfaces are difficult to interpret.
surgical procedure and removal torque (rTQ)
The surgical protocol of the current study was approved by the Malmö/Lund, Sweden, Regional Animal Ethics Committee. Twenty-four Swedish lop-eared rabbits of mixed sex and with a mean weight of 4.1 kg were selected for the study. On the day of surgical intervention, after fasting, the animals were administered a dose of 0.15 mL/kg medetomidine (1 mg/mL Dormitor ® ; Orion Pharma AB, Sollentuna, Sweden) and 0.35 mL/kg ketamine hydrochloride (50 mg/mL Ketalar ® ; Pfizer AB, Sollentuna, Sweden) via a vein in the ear. The lower extremities were shaved and washed with 70% ethanol (Solveco AB, Rosersberg, Sweden) and 5 mg/mL chlorhexidine (Fresenius Kabi AB, Bad Homburg, Germany). After injection of approximately 1 mL local anesthesia (Xylocaine; AstraZeneca AB, Södertälje, Sweden), an incision was made along the proximal tibial epiphyseal and the margo cranialis tibiae was exposed. Osteotomy was performed with a series of drills under external continuous irrigation until a final diameter of 3.2 mm was reached. Prior to implant insertion, the preparation site was tapped in order to minimize shear on implant and coating. The implants were implanted by hand until they were fully submerged into the bone. The soft tissues were closed in separate layers, fascia, and subcutaneously with bioresorbable sutures (Ethicon, Norderstedt, Germany). Analgesic buprenorphine hydrochloride (0.5 mL Temgesic; Reckitt Benckiser, Slough, UK) was administrated for 3 days post-surgically. After 3 and 12 weeks of healing, the animals were euthanized with an overdose of sodium pentobarbital (60 mg/mL; Apoteksbolaget AB, Stockholm, Sweden). The tibias were retrieved and the soft tissue was removed. In order to measure the RTQ, a digital torque meter (Tohnichi Mfg. Co. Ltd., Ota-Ku, Japan) was connected to the implant driver and then to the implant. The RTQ was measured by counterclockwise rotation.
statistical analysis
Statistical analyses were carried out using SPSS Version 20 software (IBM Corporation, Armonk, NY, USA). The topographical values were analyzed with independent samples Student's t-tests. Values from the bilaterally RTQs were submitted to the non-parametric Wilcoxon signed-rank test. The level of statistical significance was set at 0.05.
Results
surface characterization Interferometry
The interferometry measurements generated threedimensional images as well as roughness values, which are presented in Table 1 . The test group revealed the highest S a and the lowest S dr ; however, without statistical significance (P=0.556, P=0.849, respectively). The S ds was significantly higher in the control samples (P=0.002). Both surfaces present a minimally rough appearance (S a : 0.5-1.0 µm) according to a recognized surface classification of dental implants. 33 seM Surface morphology from the SEM analysis is presented in Figure 2 . The HA-coated implants presented a random arrangement of HA rods covering the surface at the nanoscale level, whilst the control surfaces were relatively smooth at the same magnification. At the micrometer level, both surfaces presented similar roughness. The turning process caused striations and irregularities, which can be seen on the control surface at the lower magnification. The HA coating on the test implants evens out this orientation of surface features.
XPs
The XPS spectra for the uncoated and coated implants are shown in Figures 3A and B , respectively. Table 2 shows the atomic concentrations calculated from the spectra. Surfaces of the control samples reveal the presence of carbon, oxygen, and low levels of unexpected contaminations. The test samples showed the presence of carbon and oxygen, but also calcium and phosphorus from the HA crystals. The test samples had higher oxygen content, most probably from the HA crystals, which have a theoretical oxygen atomic content of around 62%. The carbon content on the test samples was lowered from 88.8% to 55.5%, a logical effect since the carbon-rich PEEK surface becomes shielded by the HA crystals. The Ca/P ratio was 1.41, which differs from the theoretical Ca/P ratio for HA of 1.67. Due to the semiquantitative nature of XPS, the difference in Ca/P is well within the error margin.
Mechanical testing
Figures 4A-C show the stress-strain curves obtained from tensile testing; as seen from these figures, the stress-strain performance for the samples are virtually identical. A summary of the tensile testing is presented in Table 3 . The elastic modulus was measured to be approximately 4.2 GPa, which is in the same range as specified by the PEEK manufacturer. From these data, it can be concluded that the heat treatment that is part of the coating procedure does not alter the mechanical properties of PEEK.
contact angle measurements
Contact angles were measured on uncoated and HAcoated discs and were found to be 53° (SD: 4.4) and 88° (SD: 2.7), respectively.
surgical procedure and rTQ
No signs of infection of the surgical sites were observed during or after the healing periods for all animals. No implants were lost, but one of the rabbits that had been operated on died before sacrifice for unknown reasons. 
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The mean and standard deviation of RTQ measurements for both groups are illustrated in Table 4 and Figure 5 . The RTQ values for the control and test groups after 3 weeks of healing were 7.18 N·cm and 13 N·cm, respectively. After 12 weeks of healing for the control and HA-coated groups, the RTQ values were 5.58 N·cm and 9.75 N·cm, respectively. The mean values were higher for the test group after both healing periods (3 weeks: P=0.008; 12 weeks: P=0.018) and statistical analysis showed significant differences between the control and test implants for both evaluation times.
Discussion
The present study was performed to evaluate the effect of a nano HA coating on PEEK implants after 3 and 12 weeks of healing in rabbit tibia. Three weeks represents an early healing time and 12 weeks is when rapid increase in bone turnover healing is expected to have ceased. The unique feature of the test implants was the nanocrystalline surface with a 20 nm thick HA layer, which was hypothesized to promote the biocompatibility and bioactivity of the PEEK surface and further enhance and accelerate osseointegration. Furthermore, the thickness of the coated layer is believed to possess higher interfacial shear strength and in that way minimize the risk of coating delamination. A histological section, stained with toluidine blue, was cut from a deceased rabbit after 12 weeks of bone healing, and shows signs of new bone and several active osteocytes adjacent to the implant surface. There were no giant cells or similar indicating inflammatory response ( Figure 6 ).
The mechanical testing showed that the heat treatment involved in the coating process did not affect the elastic modulus and the peak stress of the material. The heat treatment was carried out at 325°C, which is well above the glass transition point of the polymer (143°C) and close to its melting point (343°C). 34 This may affect the crystallinity of the polymer and therefore also change its mechanical properties. 35 One explanation for the unchanged mechanical properties is probably the short duration of the heat treatment, heating at 325°C for longer time periods may well affect the mechanical stability.
The lower contact angle of the coated surfaces is not surprising since HA is a hydrophilic material. In comparison, previous measurements on rough (~1.5 µm) HA-coated titanium have shown contact angles of around 10°. The reason for the higher contact angles on HA-coated PEEK could be that the surface was not fully covered with HA crystals, and/or an effect of the relatively smooth PEEK surface; the surface roughness of a substrate is known to affect the contact angle.
The mean RTQ values were significantly higher for test implants after both evaluation periods. The findings from the present study correlate with several previous studies where HA-coated titanium is evaluated in terms of osseointegration and RTQ. [36] [37] [38] [39] [40] Yet, absolute RTQ values are highly distributed and it is difficult to compare one study to another due to implant design, surgical technique, animal species, and specific substrate material. Generally, the referred studies have found that retention significantly increases for titanium implants coated with HA after 2-6 weeks of healing. Furthermore, after a complete bone turnover, the retention has been found to be similar between the coated and uncoated samples. 37 However, the finding of increased early retention of HA-coated titanium implants corresponds to the results from this study. 37 It should be noted that these studies evaluated the retention of titanium implants, not PEEK. On the other hand, Nakahara et al 40 examined the interfacial 
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Biomechanical evaluation of PeeK shear strength with an RTQ test of HA-coated PEEK and titanium implants. The test implants were cylindrical and HA granules were pressed onto the surface and exposed by blasting the surface with alumina beads. Unlike the present study, Nakahara et al evaluated osseointegration by pull-out removal instead of torque removal. Uncoated implants were used as the control and evaluation was completed after 6 and 12 weeks of healing. The RTQ test showed that HA-coated PEEK holds higher retention than all the other samples. The retention for HA-coated PEEK also increased after 12 weeks compared to 6 weeks, but not significantly. This indicates that the effect of HA coating is final at an earlier stage regardless of substrate material. In contrast, titanium showed increased interfacial shear at 12 weeks, which may be explained by bone-titanium integration. 40 HA is an endogenous substance that can be found within osteoblast and osteoclast cells. After a cascade of actions in the cell, HA crystals will exit the cell and bind onto collagen molecules and initiate mineralization. 41 By adding HA to an implant surface, mineralization may be stimulated at an early stage by forming new sites of initiation that can increase the amount and density of surrounding bone. Several studies have proven HA to be an effective coating substance to increase bone-screw interfaces. 42, 43 The size and shape of the deposited HA crystals in this study are similar to that in bone. Furthermore, nanoscale HA-coated implants may exceed micron-scale HA coatings in implant retention and histopathologic results. 44 By incorporating HA onto the implant surface, not only are the chemical properties altered but also the surface topography. 30 Surface topography can also be modified by exposing the surface to an accelerated neutral atom beam, and has successfully resulted in increased biocompatibility of PEEK. The authors explained that the increased biocompatibility was related to the surface nanometer texture, which enhanced cell attachment and proliferation. 45 The results from this study correspond to the finding that nanoscale surface modification enhances RTQ and wettability, which together enhance the biocompatibility of PEEK. The numerical data on the micrometer level as evaluated with an interferometer revealed more dense peaks on the surface of the control group samples. However, the resolution of the interferometer is on the micrometer level and the applied surface modification is altering the surface at the nanoscale level. Barkarmo et al evaluated PEEK in vivo with the same rabbit model as in the present study. The surface properties of the coating and histomorphometry indicate that the HA-coated implants had more contact with bone (16%±4.7% vs 13%±9.3%) and more bone area (52%±9.5% vs 45%±11.9%). However, there were large numbers of lost implants due to loss of primary stability since the implants lacked threads. 31 Therefore, the implant was redesigned and now possesses wide and shallow threads for primary stability to allow initial osseointegration. The implant was also designed to be fully submerged into the bone to minimize external loading during healing.
The results from the current study showed that the RTQ value was lower after 12 weeks when compared to 3 weeks for both test and control samples. A credible explanation for this tendency remains unknown. However, for the coated implants, a possible explanation may be the dissolution of HA particles from the surface, which has been previously studied in a rat model. 46 Further studies are required to investigate the continued RTQ with a longer healing time to increase clinical relevance. 
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Conclusion
The results of the present study indicate that the biocompatibility of PEEK can be improved with spin-coated nanosized HA. The application of the HA coating does not affect the mechanical strength of the PEEK. Evidence for this biocompatibility was derived from the increased RTQ. These results indicate that chemical inert materials such as PEEK can be converted into a suitable biomaterial for demanding orthopedic applications.
